In this paper, we develop four heuristics to deal with the nominal channel allocation in cellular networks. We provide the theoretical bound on the number of channels for voice and data services. The four heuristics are compared using varying traffic distributions.
INTRODUCTION
Since the development of cellular networks, the demand for multiple services has continuously increased. To meet the future demand, many new modulations and techniques have been proposed. However, in a given system, the traffic capacity of the whole cellular network will always be influenced by how the channels are allocated. A proper allocation can significantly reduce the number of channels to meet the traffic demand.
In this paper, we investigate the channel assignment scheme for cellular networks as a dual optimization problem. This is significantly different from previous approaches, such as [1] and [2] that have focused on either voice services or data services. We suspect Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. that this dual optimization problem is in the class NP. Therefore, efficient and effective heuristics are required to compute near optimal solutions.
PROBLEM FORMULATION
The problem formulation consists of two parts: (a) voice and (b) data services.
Channel allocation for voice service
Suppose the total number of available channels in a cellular network of N cells is M . We use λi to denote the voice traffic demand in cell Ci. Let mi be the number of channels for voice service. The call blocking probability in the cell is given as:
To ensure the quality of the calling services in the network, the blocking probability in each cell must be no greater than R0. This also ensures that the average blocking probability in the system must be no greater than R0. However, if one channel is used simultaneously by the neighboring cells, then severe inter-cell interference may occur. Based on Refs. [2] and [3] , we can assume that the interference only happens when the same channel is reused by the adjacent cells. In this case, if the radius of the cell is r, then the minimum reuse distance for a channel is 2r.
To minimize the total number of channels, we introduce the concept of the patterns. A pattern is a set of cells in which each cell simultaneously uses the same channels without causing any interference. Each cell belongs to one and only one pattern. Assume that we have P patterns and xi denotes the number of channels allocated to pattern Pi. Therefore, the channel assignment problem that minimizes the total number of channels for voice service subject to the average blocking probability can be given:
subject to
Channel allocation for data services
After the first step, the total remaining number of channels available for data services has been fixed as m0 (m0 = M ). We need to judicially allocate these channels so that the total traffic capacity of data service throughput is maximized.
The voice service has a very low requirement for the communication rate [4] . However, the channels used for data services must have high communication rate to fulfill the QoS constraints. Therefore, we must choose the best m0 of M channels for transmitting data. Let M0, M1, · · · , MN denote the number of the users in every cell and the total number of users be denoted by
Mi. We assume that the signal to noise ratio (SNR) is known a priori.
where SN R ki is the SNR of user k using channel Hi, h ki is the path loss, and N0 is the noise. This assumption is reasonable because in a cellular system, the channel state information (CSI) is available through the uplink feedback. Therefore, for a given network, the goal must be to maximize the total capacity C for data services as follows:
subject to the following two constraints: (a) y ki = 1 only if channel Hi is allocated to user k, otherwise 0; (b) ∀i ∈ {1, 2, · · · , m0}, if y ki = 1, then y k i = 0 for any two users k, k in the same cell.
From Eq. (4), the total capacity is only related to y ki . This is due to the fact that SN R ki for each user is known.
Because the traffic demand in a cell is directly proportional to the user population. Therefore, the traffic demand in a cell may be represented as a function of the cell's user population [5] :
where ρ(r) is the population density at distance r from the center, ρ0 is the population density at the center of each cell, a is the rate at which the logarithm of density decreases with the square root of the distance to the center, and L is the maximum distance from the center to the edge.
THEORETICAL ANALYSIS
In the subsequent text, we derived the upper and lower bounds on the the number of channels used for voice and data services. Because, theoretically, voice and data services can be used interchangeably, deriving a bound for voice service will be sufficient. First, the upper bound is derived based on map coloring theorem. We first select three neighboring cells and assign them into three patterns A , B and C. Then we search the nearest cells that can be added to each pattern without causing interference. This procedure is repeatedly applied for each pattern until all cells in the network are in patterns. For each pattern, we allocate the minimum number of channels to fulfill the QoS constraints. Then the total number of channels can be given as:
Figure 2: Division of cells into 6 regions for deriving the lower bound
Next, we derive the lower bound. We divide each cell into 6 regions as in Fig. 2 . The distance between regions with same regional number is the reuse distance. Suppose users are equally distributed in every cell, and the maximum traffic demand of all cells is λ0. The total number of channels becomes:
4. PROPOSED APPROACH
Greedy Algorithms
We proposed the following two greedy heuristics: (a) Greedy-MAX in which the cell with the maximum traffic demand is given preference so that channels can be reused frequently and (b) GreedyMIN in which the cell with the minimum traffic demand is given preference so that channels can be reused flexibly. The GreedyMAX pseudo-code is given in Algorithm 1. Note that D(g, k) = (k1 − g1) 2 + (k1 − g1)(k2 − g2) + (k2 − g2) 2 is the distance between cells Cg and C k measured from their centers.
Input: I, {λ1, λ2, . . . , λN }, r, R0 Output: min number of channels x Initialization I = {1, 2, . . . , N },x = 0,i = 0; 
Genetic Algorithm
The genetic algorithm has the following 4 steps: (a) selection, (b) crossover, (c) mutation, and (d) evaluation.
First, we randomly select two solutions
and SB = { − → e B (1), − → e B (2), · · · , − → e B (N )} from the initial population that is limited to 100 solutions, where − → e (i) = {a0, a1, · · · , aM }. aM equals to 1 only if the channel M is allocated to cell i, otherwise it will be zero. Then we do the crossover and the mutation for SA and SB to get the new solutions:
Next, we evaluate the new solutions to check if they meet the constraints. If the new solutions meet the constraints, then we add them to the solution set. Otherwise, we use the fix function to new solutions and evaluate them again. If the fixed solutions can meet the constraints, then we add them to the solution set. If not, we discard them and generated two new solutions again.
Generally, the failure to meet the constraints for new solution mainly happened in the − → e A( N/2 ) and − → e B ( N/2 + 1). The fixfunction can be implemented as follow: Search (Neighborhood( − → e A( N/2 ))); if channels available = 0 then add available channels to − → e A( N/2 ); end update − → e A( N/2 ) 
Dynamic Programming
Because the lower bound of the number of channels is obtained based on pattern, we may use dynamic programming to get the optimal solution since it is also based on patterns. We denote f (n) as the minimum number of the channels used for first n cells. t(n) is the number of available channels in cell Cn that have been used by cells C1, C2, · · · , Cn. Suppose the number of channels needed in cell n is mn, and T (n) is the number of new channels added in cell n. T (n)=mn−t(n−1) if mn ≥ t(n−1), otherwise T (n) = 0. Therefore, the function f (n) can be expressed as: f (n) = f (n − 1) + T (n).
SIMULATION RESULTS
In the simulation, we considered a cellular network, which consists of N = 49 cells. Assume the total number of the channels used for calling no exceed than 100 and there are 150 channels available in the cellular network. The blocking probability threshold in each cell is equal to R0 = 0.05. The arrival of the calls is a Poisson process and the duration of the call is exponentially distributed with the mean of 3 minutes. We suppose the SN R for users in the cellular network is 10db.
In a network with uniform traffic distribution of 80 calls/h in all 49 cells, the results are presented in Table I . m0 is the total number of channels used for voice service. ms is the simultaneously usable channels for voice service. C is the maximum capacity versus reached by using the remaining channels and O is the running time of the algorithm.
In Table II , the results are shown for a non-uniform distributed network in which the traffic demand of cells is randomly distributed between 20 to 120.
From the two tables, we observe that dynamic programming and genetic algorithm have better performance in both cases. In the uniform distribution case, the theoretical lower bound for the number of the channels used in voice data is 52. The result of dynamic programming is quite close to it. 
CONCLUSION
In this paper, we solved the channel allocation problem in cellular network as a dual optimization problem and four heuristics are proposed. The simulation results show that dynamic programming and genetic algorithm have better performances and dynamic programming can approach the lower bound.
